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2VCo n t i nuted)

5ubstorm pla:.mas and combinatiotis of monoenergetic beams is compared
qualitativL,; usinq a simple model. We find similar charging character-
i!;tics for ti plasmas and a few beams specified by the moment matching
technique;.
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SECTION 1

INTRODUCTION

Interactions between the plasnas in space and tile s'face and vrioljs suhsystemIns

of spacecraft are very complicatcd and have been the subject of considerable study over

the past several years. Electrostatic charging, ( 1 '' 3 ) for example, of a spleiecralft's

surface can result in discharges which can cause electromagnetic interference,

degradation of surface materials, and failures of sensitive components. Techniques to

influence plasma-spacecraft interactions, such as on-board plasma generators and

conductive coatings for dielectrics, are also being actively studied. (3 )

The plasma environment of space can be partially simulated in the laboratory

using low-temperature plasma generators for studies of phenomena in the ionosphere and

low-earth-orbit or combinations of electron and ion beams to simulate the conditions in

high-altitude orbits. Several small space plasma simulation laboratories (e ' g ., 4) and a
few large-scale facilities are in operation ( 5 ) or being planned.(6) Laboratory simulation,

however, is necessarily only a partial re-creation of the actual environment to which a

spacecraft is subjected.

The selection of the plasma generators or beams to simul:ite the space

environment is now based on intuitive as well as scientific, engineering, and economic

grounds. The simulation often represents only the most extreme case expected for a

given spacecraft component. There are presently no established techniques for selecting

a laboratory plasma environment to simulate the measured or postulated properties of

plasmas in space.

The object of this work is to investigate some mathematical techniques which

could be used to choose the parameters of monocnergetic beams to simulate space

plasmas. The moderate temperature plasmas of geomagnetic substorns serve as

examples for simulation, since they are known to cause electrostatic charging on

geosynchronous satellites. The multikiloelectronvolt energies and densities of a few

particles per cubic centimeter require their simulation by monoenergetic beams rather

than by low-energy plasmas with a continuous energy spectrum.

-7-



SECT"lION 2

BVEAM SELICI(N TECH(iNIQ~UES

2).1 GENERAL,

'l'll(e plasmia environment of space is chairacterized by a wide variety of particle

enlergies, fluxes, species, and spectral shapes. T'he particle spectra vary with position in

space, time, and solar activity. Mlodels of the environment have been developed in

v:11-iols degre-es of comiplexity, ranging from the definition of average plasma properties

such as dest adt nperatuLre at a given altitude to presentations of detailed spectra
of "typic-al" plsma injection events recorded by instrumented satellites.

A Space simulation facility is necessarily limited by engineering considerations to

providin- a feow chargred particle bea ins to simuitla te spaeeera ft-cnvironm ent

interaotion. Present ly, the parameters of the electron and ion sources are selected to

provide only a roughi simulation of the plasma environment. The energy and current

(lensitices provided are often chosen to represent the most extreme case envisioned for a

given spimeeer1ft or component. Apparently, no quantitative techniques now exist to

In slire thle "qua 1ity"' of a heal InSimrulation; and no methodology ha., been developed to

-peif,, tile 11eIl mer, ro~ttive current mensit ies, and relative energries of' a set of charged

pairtieh' bealnis (lesigrne to simuitlate a given plasma spectrumi.

In this section we exinelil teehniques which can be used to specify the paraeters

of luit iple Illonloenergeot i- chamred particle eal is which would provide a mnat hematically

correct and phvsic;m liv plausible si mula ion of a given plasima environment . The

te'1m iques, are based on the pi ecew ise reproduction of thle shape of distributed energy-1

spectra or hY mnmle(h)iimg vi-uis aiverages of the velocity distribution functions Dv the

Ill I!is s;tludi we mJ.ssaimme thait thle spae plasma to he simulated is of Hgh enough

01''ri"N :MR!m low enlotil dems ity 'so that coll ccli ye effects iii thle plasma can be neglected.

Vl'mo p'ree isely, thet 1I)( hyc ii gu of thle pjlsnmi is conlside rablyv grater than typical

(m1l~im mmioif c m sim cl'oraft. Illur .issmimmptiom is juist ified for time spave elmvironmeimet

oitit~q(I114 tIme )laslisprte (hiring I''omigt ici 5m1)stormis when str-ono, spaceera ft charging

events iro irecordned.



2.2 PIECEWISE SPECTRAL REPIRODUCTION

The simplest and most obvious method to simulote a di.stributed spectrum is to

break the spectrum into several hands and provide monoenergetic Ieanis with appropriaite

currents and energies to reproduce the distribution in a "piecewise" manner. A very

close reproduction of the distributed spectrum can be made in this way, provided there is

a sufficient number of available beams.

With a limited number of beams, a problem arises on the choice of the energy

boundaries between the parts of the spectrum to be simulated. Possible choices include

fractions or multiples of the average energy (temperature) or velocity, or boundaries

which divide the particle flux into equal fractions of the total flux. A given spectrum

may also be divided to account for particular features, such as a high energy "tail" of the

distribution function.

The principles involved in piecewise spectral reproduction can be illustrated by

considering a Maxwellian distribution of particle eneroes,

f(.: = 2n (k ) 3/2 E 1 "  
:XF

1 
(2-1)

where n is the number density, kT is the temperature, and F is the kinetic enersgy of the

particles.

The differential energy spectrum of current density crossing an mrbitrary surface

is given by

d: (
du( kr (2-2)

where

In ) ' (2-3)
O 4 R1 m

is the total current density; q and m are the chnrge and mass of the particles.

Integrating Eq. (2-2) over a range of energy bounded by E and E2 , we find

r E
1 2?

i + k E 2  k'r (2-)
2 K + - V * 4 . (

I-' 2 ok'



This current density must he supplied by a monoenergetic beam with an energy

between I nd E2 to simulnte the corresponding purt of the distributed spectrum. The

enrgy of the bean can he chosen in a number of ways; a relatively simple choice is to

use the vatue found by g over the differential energy spectrumi of the curret

density.

. " '_ (2 - 5 )

I E2

Int egration of Eq. (2-5) gives,

+.. . . .. +

:: 1 ' 11 ).
:i; , : ) I. /-

[; /(2-t6)

values for + liel

Tlie 2-1 gives wolues for gEll2 j)/J0 and E(E1 ,E 2 ) for the case of a 10 keV

Max we liin spectrumll divided into four ran es of energy with boundaries at 0, 7.5, 15, ind

30 kev.

TAiL,E 2-1. Pll'E;(SlSl: I{EPROIUC'TION OF MAXWELI.\N
SPI'V'TIR1.1M BY FOUR B ;EAMS

a well inn TempertiUre -0 keV

Normnaliz.ed
FI .-, v C uoll tl'tb( lrrent lD ensity B eiam E~nergy

C , IA (keV) j( I 1 -I,2)/j() L( 1 ,,E2 ) (keV)

0, 7.5 0.173 4.82
7.5, 15 0.269 11.20

I5. 3T0 0.359 21.49

0 .l 99 42.53

Lowe-



2.3 MOMENT-MAT(?IIING TECHN1QUI'S

.3.1 Velocity Moments

A pla:sni (%ii Ie ch:racterized by various average, of the velocity distrihiltior s of

its -onstituent partieles. In general, tile "velocity inoinents" of I given ci, "'ib tion

function, f(v). arc defined by

N -4f v k t(v) v-lv

(2-7)

k 0,1,2,----.

9

where the 4rv 2 dv term represents an infinitesimal element in (ikotropio) velocity spae.

The velocity moments, Mk, can be related to physical averoges for several vaiues

of k. For example, M, M1 , M2, and M are related, respectively, to the avera'e nurmber

d nsitv <N>, particle flux, <.NF>. pressure, <-P', md energy flux, .E1.-, of the given

particle type in the lasms :.

< N > n (2-3)

'1/0

I'4 7 N"> = n <v> a1 (2- 9)
if 1:l

3 < 3 18 k')
El , t:iI (2-I 1)

< (2-11)

I 4 15 (n - ) (2-12)

5/?
3 2 (8k') (2-13)

5 8 I M . ....



Ilhe n:tl'(re speed, - v , iI Eqpuation 2-9 is de Ifined b~y

, 0

'11 exm~s~ ~sonl the ritrht-hzind ;idu of LIi nations (2-8) - (2-13) are given for the ease

of n Max we Iian vol oeity, d istribution,

2

t31/2 e 2 T(2-15)

where n. ,:1, :111dT'l are respoetj vely the number density, mass, and temperature of the

partieles a ad k is Hoi tzriwnn's constant.

A~vera!fe art R~ '.ISI nTopernturos''

A lle fat mA "hod for vharacterii ing, a non- Ma x,,e Ilian plasm a isz to define effective

lclnper~ltr(" Mlic~sh '11- are C ter to ratio,; of the- vel )eitv mon ts.(7 FilTe averarre and

RV S tnper';rtrr'es ore lriven hy

1 '' m 2(2 -16)
A V k k; :.I

J'i~i 4~(2-17)

'I h1w w tolrrlpol';Itulre5 are eqll whenl the velocity dtistr'ibutiorn is Maxwellianl.

2. .? .errrrr('mr Iem~ irs to '%r"tctr Velocity Moralent.s

A toctrrilrreo- to sirarrl:rto a pisimnr withr al (istribtfllC velocity dtistribution is to
ohore( lii' volocit ('s arrt irmtioie 6ensities of ronoe'' e ea as so that their velocit\

rlmnrimoit mItelr those of thre I&aS11rra. Undrer tiresc conrdit ions, the iverage parameters of
thre t)(l" .r-m ch als 1urrurrirer dvu teni . pesli or curergy flux, are equal to those of tire

1&1rsrrrm erririjiont rin1ler sirnrhrnt ionl.

-1 2-



In general, a 'ingle hca (, can mateh two moments of the distributed spevtrunm, so

that two bcan m can match four iom.ents, three hen ini, six ,Iomemits, Met. As discssed

in Section 2.3.4, it is also possibhle to overspeoify the probhmn mi use more thio the

nininiuIl number of leams t( m itch ;I r i llillieir of velocity iiell'rlts.

Sinle Beam Enerv

A monoenergtie beam can match two moments according to the simultaneotl.

equations,

fl ,, = H.

n b 11j

k (2-18)

where i b ad v bare le density and velocity of the beam particles.

for example, when te zeroth (number density) and econd (pressurey) moeennts arc

chosen,

n = n1

b = 4M . .. ml -

b

V - .4 1/2 4 kq' 1  (2-1)

or, in terms, of beam energy, Eb,

3["E k TAV (2- 20)

If the first (number flux) and third (energy flux) moments are used,

n = - - --

-1 3-



b (2-22)

Two [ha.,:i .r rq +'.

T;,i dhilsities :ad veloeit 's of two monoenergetie beams ean be found to match

thte /orth t hrmi"h third v 'loei1v monents of the distributed spectrum by solving four
SiflllllI l tn ;tw l l O l'.

Si fll h I 1' qItit u1

, (2-23)

where !1 n.,, v ,(Inv ' tV. ne III ities and velocities of the be mis, and the veloeitv

Wi! e,!, tK , , h' (lijh i t(ihut(d spettrili have been rephaecd by relatir'ns (2-14), (2-1 6), and

(?')-1-). 1~t.'r~nn's. eaat.t, k, h:as !wen takel to be unity.

It ki din% n in .\ppendix \ thnt the vlo(,it ics and densities of the rnonoenergctie

i -" ' It ri rin Ilvti ,lllv.

,, -- 3•

' , .t', . Ak';-. .

(2 I i <v' 2) (2-24)I ll

AV - -

:1 <v>

-14-



1l., II - It

For a Mnxwelli an plasma, where TAV ' IRMS '', Eq. (2-24) simplifie,; somewhat,

Vl <V>-- 
+  2 -/ +  ... 83) (2-2 )

The beam densities and energies are then found to be

n 0 .2,32 n

n2  0. 613 n (2-27)

E = 3.007 T

E2  0 . 5681
2 .(2-28)

Three Beam Energies

Six moments of the distributed spectrum can be used to compute the densities and

velocities of three monoenergetic beams. No analytical solutions have been found for

this case, but iterative techniques can be used to find solutions of the set of six

simultaneous, nonlinear equations.

As discussed in Appendix B, the beam velocities and densities can be found in

terms of the average speed and density of the plsma particles. For the ease of a
Maxwellian plasma with temperature, T, the beam denisities and energies are

1 , 2 3  [0.07, 0-5 3, 0.325) n

E [.3,1.657, 0.3031 -r(22)
1,2,3

-15~



Iil ff.(I it v?1111ies will be fouhid f'or other tYpes(- of velocity dktribiitiori fuiwt ;muI,

but thle 1net(x bud ire to eoiu lte the Max wellinn results is gener ii for all rea listi

~peertrill Aac.

2.3:.3 P '~'- a elnlabsinas

(';rt t low ed that a two-Mlax welliiin fit is often n good reprosentat ion of plasiiia

il-iil ii )1 iienIin esurted duaring geoumagnetic substorins. ()The densitv and

temperit l1e of eaelt \lauswel Iian voraponent eoin be found from four velocity moments of

the Tnve-isuve( Iwvtetrumn. it is p(ssihie, in principle, to find three-Maxwellian fits which

1ji:ittl ,;X illoijijents, Ilthlough the effects of errors in measurement of the plasmat

100 otraii101) I illeensi ugly exuogiera ted when cornput inrg the high -order mom ents. It
,h ld I V ho possil l( to finrd mult iple-Mtx welli an least-squire fits direet ly from the

mewasuIred dIrs trihl t ion "urictions withbout computing thle velovity moments of the data.

Sin!I(±'wc i nrv

N t o-\ swlliin (tilitioii hasi alverage Aind RM\S IC'1nl)er;itU1'US given by

] I3 I

When,4 it 1 . 1i,1 'I'l , :iI V, :it the~ re!,peeliye (lii.iitios andi~ tempo~rlitLireS Of the t~le

I Iii~ ('t t 1)1'I C' mie lius't 4104ti I ii~to Fq-~ (2-P-)' - (2- 22) ;ibo\e F0.

ox tilp if theic hc't doa'I''uit" 1 itil 11) the total plai.ritz dens"ity, III + I), mrid its (1)(1,\

:t 3'? 1~ thenl tite /orrili 11t)( st'oitl velocityv iloit; of th14 twku-MI1xwClliauil lli'ii1:

wint flit, 'ioilreteh'uii irv ctpivit.



Trwo iennm Energies

l'wo mtcttio(t5 exist for tiatehirig, Iho v('tlI V tnratots of' a tw()-MjtXwcllj~

distrihution t)V two ifoitoelergetic ttenilat'. Iir;t , thw clierIv arild dcisrty of ('nell beaitl

c'an be elioseti inilvl(iua lly to iatell two Itictilts of' eae(ll of the( !' axwclltimi (JTplOltelits

of the spectrumi. fit thIis (-:se-, FIs. (2--HIO)-0(- 22) Woti h he Pnij loyed a long wit il.-

densities andi temrperaitures of the two-Max welliain fit.

The second ittiprotch is to use the avernge and RIMS te mperatures of the

two-Max wellian fit. Eqs. (2-:30) and (2-31 ), and to citicuhi te th' hen n velocities and

densities from Eqs-. (2-24) and] (2-25). In bo0th eases, a~s manyi ats four moments of the

two- M1ax welIi an (dist ribution function carl be niatelied by two mnot oenergeti Ic eamis. Inl

pratti cal situations, Physi cal Oonsidera tions woulId be ret Itt ired to rak e at choict. between

the twvo met hods of natIMchi rg Velocity mom011ents.

Tihree or More Beam Ener ies

T[he moment, of it two-Max welIi alt ditribu tiron fi taction cart be matelhed ill severt

di fferent eihiins t with mutipke rnoomrerget te beaims. As i i th t wo-bt':t vm cse-,

each %lax we)Ii al cc inponerit of the plasmta coalt have one( or tuor ben in> assi~; ted to it -

which individually mtchi velocity moments. For six-monient :mtthirig, three b)1111!

eier! i- ts nd densitios coul hb e selected using EqI. (2-29) for, Catl *-oipollent , n! ta total

o( i 'hea in nrmi woulId be requiired to simninhi e thle two-Maix welIi art platsnw. A

titent iOliti NbOVe. ti0 cOttinited v;ilunes of' the z~eroth througrh fi fth~ moment of the full

sfwpiemi'i (' lalti'o 5o 1V >cd direct Iv to find three heittu cirrgies 110i (lelsitics I litowi-h the,

i-1-ttIive mtitirmmittcan rrocedure described ili Appendi\ H1.

2.3.1 Arbi tr*i lv /\signeld flenmii Enermie(s

lht' V(-lOWitl V tttttieiits of at remsured distribi tori funtctiont (-;ill itlso be im~telletl by

ITIOT104tif'r~e P heit a whose vetoi ties, are eliosenit rhitratilV. As all oxatilple. four

0 ! 4- V , + V.3 -+ V )0

J' I] 4.

V :I + V 2 [1 V 1) + V, 4,~

V 1 V t,, V t V 1-1(23-



W\hen th( four I ieain ye nc it ivs are fixed, then it js, on ~y a illttecr of solving ai set

of li nea shmniltanvu equat-0(111ionls for- the 1X' am densities, n1 thr'ougl 11 4' It should bc

pointed )tit that riot till comibinations of' beani Velocity rn~jv he chosen four v I through v.,.

because negaitive, andl therefore unphysical, solutions for the beal. oensities canl be

obta ilmel inl solme ea1ses.

TI tthl( 2-2 girves thle densi lieS cal1culated for three, four, aria ";vc be., s w,

ftnet ion of preaissiigneil beam energies. The beami energies and densities tirc normnalized

to the tem'Itpera ture mld dlensity of n Maxwellian distr-ibujtion, and the velocity moments

used for the cenuatiors armP giveli by thle right-hand side of Eqs. (2-8) -(2-1 2). The first

threo-hc a1 soluitionl inl Table 2-2 is a cheek of the six-moment solution, Eq. (2-29), found

by the ili-a~itive proved wre uisetissed inl Sect ion 2.3.2.

I 1 b hc 2-2 indic lies that, ai though the( velocity momnts of thle monoenerget ic.

t)(m s ii 11;- tehll. tI (' spectra I shape of thle hen ma soluiti ons is generally niot similar to

that of Ma lxwevllian. For a simuLation facility one would intuitively prefer an envelope

of the how1 n do'ienutv :.Wh 1 roghly aippr-oximates tilie Max wellian distribution, Eq. 2-1.

The low aind nrii iv e va Ities of (lenritv found for- somne coilmb~ intions of bea m energy,

llppimeii' IV reulit fr-ol flreiig t he hctim ciemsities; alone to bringr about thle MAtchl

hol well, the volovit v nomviits. The tjlptivs iol nd intuitively unsatis fying results using

lwi'itllii1 1% i' he ('i lrlgis C:Ist dfout onl the usefulness of' this appro0aeli to inaItell

VeIA,(. \ iu'iiivrt ofd1 1.rihilted .sjxectla.
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TABILE 2-2. PARTICLE I)F 'NSITIES FOR PR EASSI' INI:D
BEAM ENERGIES

No. of
Bea m.s Ei/kT ri/r_

0.303 0.325

3 1.657 0.588

4.931 11.087

0.5 0.521

3 2.0 0.339

4.0 0.140

0.4 0.282

4 0.8 0.333

1.6 0.069

3.2 0.316

0.5 0.518

1.5 0.156

4 2.5 0.13-1

3.5 0.192

0.2 0.198

0.6 (1.061

1.3 0.5.18

3. 0 0. 127

5.11 G1.01;'

(I .2 (1. 179

1.6 0. 162

1 .5 1.502

3..0 0.1186

5.0 0.071
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SECT''ION 3

H fa ilIS '.ooti ior) jprcset'Ied sonme intitheimit ival techniques to relate the

eIi Pe ;t30 ()fr lid1 tirhed )lhrsmrirs to t hose of OneC or more rnonocecrectic beamis of

liwh- . It v Ils IIssimi e(1 that tile plasman or, beamis produed t fIluX of particles

ait a ,, Ivwl ';nPII. ll ani_10 no interactions between the pairticles and the surface were

a t - e a.x h '0,1 oomire ith(,e c Prostatic charging produced by plasnias

-Ind vWai olti hilvti ( !1.- t I ivonoviieict io electron and ion beamns ursing a model which

:w((,ltI. f(1' "I'VC1i'a .4 the 1111el.actions between the incidlent (-hzr,,r(1 particle,, and aI

't 'ica, ~eeIr'ftl[h spaceera ft eliar'iri calulationIs 111e, Of courPse, Only OtIC Of

sever.-i ;IlI( .osb' Ip ties for- makin, at qiualitative eomparison of the effects of

pl :11)~t(i liilil oris of IIIiocrI(Ieret a'ha s A spacevcraft simulation facility,

hrwev r , %,ill devoto : corrsjiera hi' a u1otiut of its e ffor t to thle Stud\. of thle effect: of

d ki(1 I'. Lr. and this, (tIoiO( tar eomp:irison ean b jlktified (-,il t hese grounlds.

(91)i't oimv~rillg illoitde deivelopecd by ( ir'rett etilotlhitcs the( equtllitwrillim

p~ ~ ~~~~.1w 1' Iii ;i.a'AIi4i'('i vve-i isotropilic fluxes of electrons :in(: ion,, with arbitrairy

iec .' 'r, ;IT 1)10 pholedlrit'k ('lllissioli. Thet miodel hasi b~een r~ihicr successful iii

1 11 I* tI 1. 1, pc '-) iftra of Ii''tm :1r1(l prot is Ill p.:eoiartnct I(- sil ',toril plasmas.1

il 111f1!1. :ef - I 1'- I hit th lb11 h piie' t ci e r'coresel i'd ais a sphericall

lI 1,' 1! 1 Ir al' mi j In: w 1 ) i.'1)V( i Iirth I" is in ii grelatier t hOi tile dim ensions of

li l ' 'IcI 1 1 11i C. ptf i o f 4 te "; I t I Ii It v ii 1) ( c llsvi-Vo~ ion of imSs.

V Ii ll.I .' Vi\''Ii iith mii' mit r:irv -,pet ni ohwr'ivo'( fr'omu thle spacoce rl ft's



Secondary electron emission from electron anl ion bonlbardment and elec'tron

backscatter are calculated as a function of the incident particle flux anid the measured

energy dependence of the secondary emission and backseatler coefficients of alumninu ma.

Corrections for the heterogeneous surface of an actual spacecraft are made by small
adjustments of these coefficients to bring tile cnleulated potential of tile satellite equal

to its measured value when the satellite is in "typical" plasma con(litions. ('harge losses

by photoemission are included by an empirical formula.

We have modified the model in two ways. First, tile time dependenee of charging

was included by representing the satellite ns in isolated spherical c:pacitor. The amount

of charge gained and lost by the surface is calculated for short increments of time in

which the potential is held constant. The net gain of charge is then used to comIpute the

new value of potential to be used during the following time increment. This procedure is

repeated until the potential of the model satellite does not vary iii eceeding increments

of time.

The second modification was used only for potential calculations of the model

when irradiated by monoenergetic, initially parallel beams of nmininteracting charged

particles. It accounts for the electrostatic deflection of tile bea am in the electric field

of the charged body which attracts oppositely charged particles amd repels particles of

the same sign.

The total current to a surface of arbitrary shape in a parallel bealm is simply the

product of the current density, j, and the geometric cross section, A, in a plane

perpendicular to the current density vector. If the initially parallel beam is defleeted by

a symmetrical potential well, the deflection can be represented as an "effective"

cross-sectional area which depends on the strength of the field an( the kinetic energy

and charge of the particles. It is shown in Appendix C that the effective area of a1

spherical conductor of radius R is,

() (3-1)

A =-o-
f f

-21-



where cp is the (signed) potential of the sphere, and q and E tire the (signed) charge and

initial ki ,itie eneriy of tihe incident charged particles.

For the charging ealculatio is, the electron and ion current to tl,.-, model satellite

Was set e(ual to the sum of the cra'rents from the monoenergetic beam ,, each of which

was given 1y

, ft (3-2)

where Ji is the unperturbed current density of the ith beam with energy E.

The secondary emission current from electron and ion bombardment and the

electron l.iekseattering were celulated as a function of the energy of the incident

particles by the same subroutines used by (arrett's model for distributed energy spectra.

No photoemission was included in the spacecraft charging calculations in order to

simplify comparison of tile results between monoenergetie beams and distributed spectra.

3.3 Itu1:S l,'iS

1ho, spn'oeraft .airging model was used to calculate the potential of a spheric'l

satellite with i radius of 1 meter and initial potential of zero. The charging by plasm as

with sevi.rl different electron anid ion tempera tures were compared to charging '

bi ll1 whose elierti (' and current densities were selected by tile methods discussed in

Soectim 2. 'Tahe 3-1 presents the parameters of some of the Maxwellian plasmas and

ben mi indi for the eharginrg eaileuIlations.

3.3.1 Si l-' \Wrioeneretie Blleams -11d Mnxwellinn I'lal~lasm

( iiar g )\ llihy (iuO re'ti(leettol and proton lienlins and Maxwellian plasma was

coin pu1'{ dfor sovernl b'lln ellol'rgies ,,I(I phisilni teni[)erntures. The current densities aid

1-' : i " ere ,;ehetcd sw thlt the first (numnihr flx) and third (energY' flux) velocit\'

iii')lmii'lont (if thi' I1i(Jilooe(,tTrettio beiius i cntolied those of the Moxwellianm phlaSii1:1,

lFqricctiiri-; (2 '21) arid (2-22). lor thi s ease, the hen energies were twice thc
e'orr '4)(f oll Iiir~ [)J;ismua l eiupe[)(rgcl ire'.

~ (3-3)
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T.\ILE 3-1. SPAC;IECRAFT (IIAI(',IN( BY MAXWELIJAN
PILASM AS ANI) MONOENI'R( ETIU BEAMS

PLASM A

Electrons: 1'1 = 10 I<eV, j C 1.0 nA/em -12.5 kV
Ions: Ti  10 keV, ji 0.023 nA/en

Electrons: T e = 10 keV, j. 1.0 nA/em e2 2 -14.2 kV

Ions: T = 20 keV, Ji 1.033 nA/e 2

BEAMS

1 Electron: 1F 20 keV
j, nA/cm2  -1.5 kV C

I Ion: 1. 20 keV

j 0.023 nA/ern
2

I -lectron: V 20 keVC

j, i1.0 nA/cm 2  
-12. 9.A

1 10on: 1'. =40 key

Ji 0.033 .,A/er., °

2 Electron 1 5.69 keV
e2 0.41 nA/er 2

Ie2 30.1 keV

2Jo :2 0.59 nA /em 2  = -15.0 kV

2 Ion:.J 
I i = 5.69 keV

2
Jil 0.0096 nA/cm2

i a 30.1 keV

-0.014 nA/em

-2+3-



TABLEii 3-1. (C onilI ued)

3 Eroctron: 1: .3 c

je 0.16 nA/cin

J" 16.6 keV

Jc2 0.67 nA/0cm1
J.'v 49.6 kcV

j 0.017 nAo

3~ 16: .57 kV

i30.0010 nIA/em11



where I, aind TF are tihe derisitv andl to' lirper';it lire of, the \lixv W(~I i iiisiim erlirponenit, q1

aid m are the chargre mrid mass of thte phISIn'ra ,iii(1 ho iiiul ii -s (rini m'(i tie 'a ilnC

S;peCiCS't. O and !'it ar thC 1iiidkttl!heni enreigy :1id 4-1irrenit densi IV ill tie hi'itiij.

Figure 3-1 shows the elizrgiug of' the mane! saitollite wit I i radiii; at' I ureter

under i!-virdiation by single 201 keV ci eotron arid p~roton hen m nni h. :I hyrogeni Idivsina ill

which thle electron and ion tomuperatnmres atre 101 key. It can II (e cn ttr:0I (i eiiiii

rate i!nrd eq u i hI~ l bi n po tent iii I o( t I~ VYsa i t e is h ighe(T "A hl ('Np )sei to the

mionoenei-et ic bea us, although somet differenices lire to be ex[ (et Cd lientuse( oif the

important influence of the seconnar eletron enmission Coc fie cuts on the lag i

process.

The equilibriaum potentials found f-r n calcerr t inns of Mciargin r bv Maxwellin

plasmna and beams with energies and curri'ent deusi lies, givyen hy E qunitiorr (3-3) are

compared in Fig-ure 3-2. The correspondence is Surprlisingly grood, coast ikcarn tile

eruineno ;S of s imuli ilg a Maxwelli an veloc it\y (1istrihitionl 5Iv a si ro'le nr or-lotnferget ic

benam.

Figure 3-3 shows calculations of charg',ing by aI Max we Iii n piasirra with :In eloctrull

te miperature of 10 !kcV and an ion (protou) temnperit nrc of 2(1 ke V. ('unr;2: iigl hv Oleectrofn

beanm, with ain ener of 20 k eV mr id proton beamirs of 40 keV aito crrruit a iite for

each component given by Equation (3-3) aire ailso sihown. In this ea.se, tile eo ai libriumi

poteritinl in the MXi'xwellin pltsnia is sortewirit ighcr than urrlo-r irrzadintil by thre

hen mns.

3.3.2 Iwo Vonoenrret ic Bea ms amndl M axw nCl ian P lasorra

'Tie enler-ies aind densities reqa lir'en for two hemr Us to iraltetiloi veloc itN'

rnoracuts of ai Max wel limir pltsrina are given in l.qnla tiara,; (2-21i) aid (2-28). We have

('ii cuirited the olrr'ing by two electron laidi proton beaniis rid iii M:-xvveiirr pirsliors.

Figuire 3-4 shows tihe results oif tire (.;I ell liltiorns tor electronl arid ioul iearnis with

energies of' -. P)9 keV ind :10.1 keV ,ni for' it Mnrxweli hor plnisro with eetron imd ion

temperaitures of 1(0 keV. Tlie eqliiiirr poteriltinil of' tire slitellit' rilodinl is ritovre tirnirt 2

kV grreater for ('irrrgirig by the bfn ms than by tire psaattiori ri thre chrin rLaiit is

about equal for bott e ases for 0 to (1.05 secondos.
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SPACECRAFT CHARGING
BY MAXWELLIAN PLASMAS
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Beams
I-% = -15.0 kV--- eq
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-12 q -12 5 kV
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Ee E  1.1.2 key

H / 42.5

0
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3.t. lhti-im 1) rIII-ee lBea ins .±~oeie \1axectrll l~inthrv1wie-c~evctto 11

1-ml)pltot. llitviI tlie s'!):ieeeraft chaiig mo(de. The hen11 en'riii's :ih!~ Curl,' Itts ., 1

fotund f :it ii ljuntions (2-29) to Imatch the velocity ifOml7tS of ni V\ lv..CIIi:t hlro,.tIl

plW !71I . it :11 all ( olv riI :111o ionf tempi ertt LIII ofl 101 kN .

'l'(e r';ultts of1 t7 e (ii vtilloula1I~tiOiK' aire siowi il iiri' J-.. v! .I hc-I'

ol)-e IIt -couclt 1)''t W 'ci thle vhirmi ing rates and equi libri um poteintin is for both the

I hree-i n :!I nd V Ixw'' lktlii phaima vas. .

TI o(in -hm.~ jq u1 ti" Satelli te Iodel wa's n lei&)ted imsil' il '- CII otto l to i iitul~ie

ti( lii l 'i : Oello57 So:" l'tl of' thne vuenl'(t (1('-it\' oif In Maixv' eIii pinsfli. A

(Ii~lS~'~ ill S''etm()I.§. thei ('toI'2,\' (Ijstrt'jiion W7' roken into 10111 piirts and thle

:11i :Ivrille eler-'%, f 01I~h mri omirte c qiiuAtions (2-4) :itd

11)1 It'' 2-h sf1',.." tine eitt'it th qin'wlll hnnr-e i l f011107 i our iii 111)1 '2

ar~l I~ eloa'iN tlifilio the ' p'eti':l slImpe of tite W\1:ielji;Il 1lllnat is [lot is

~'*tj ~ h", :I..3 te v'.11 - lsdnto if a iori-\:tdensi. pI:15t777

Of'lij'.'2 li''c~~itgitl' 11 ii- '-;Itcliito 1" I lill :t I&i"il Witt] 71 tWO-lla;xw('lli~li oiectrll

(hi tr'OhIi;1''f 1timit(ai77 hill .iiI''1iW'J i ". Ahii two cioctroli cOmpoltcflts hive

r' ; I' 1t. 4) ) )11( dc\ 17( I,; Ii' t mi iljiit of, 3.1() eli, mid 0.43 Ce1

l'4':QI'l I 'l\I. 11if. prl'04im jih'tii Itii'; 71 tlI( 'l'nttii' of' 10 keV and1( Itm'; a1 n libtr diensity

l'(jitil to ilm o 14111II 'oi-ol (I 'tit v.

k\' ii:1iv' o-mii 1 i'd 1114' oi ' 1)y tit' tWt,-Miix CIhi:lIt1)111 to thiat of sev'riI

of 11 i. c;11". T'ld "l(ws he I~~lII vieri-: 1110-n
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'I'ABLE 3-2. SPA(ECRAF('IIAINC BY TW)-MA\I.II, 11N
PLASMA ANI) MONO)NI. lI('1I(" II.AMS

PLASMA

Electrons: I kev, jel- 0.8 A/e'n

, : 30 k e V , j *, 0.2 n A/m 2-1 .1 I,

e AV 12"2 U

(re)RNIS 14.0 keV

Ions: T. 10 keV, ji 0.021 nA/cm 2

BEAMS

I Electron I.e = 2CT)R 28.0 k(,V -26.8 kV

I Electron Ee : 3/2 (e )AV 18.8 keV

Je 1.1 nA/cm 2 , -12.7 kV

1 Ion E. 3/2 '. = 15 keV1 1

ji 0.023 nA/cm
2

1 Electron Be 2(T )RMS = 28.0 keV

je 1.0 nA/cm2  -19.8 kV

1 Ion E. 2 T. = 20 keVI 1

Ji = 0.021 nA/cm
2

2 Electron Iel: 2 ''el 20 keV
0.8 nA/cm 2

Oi
E 2 'l'e2 60 kcV

e2 e2
J 0.2 nA/(em 2  

=p -18.2 kV
c2 c

1 ion E. 2 'T. 7 20 keV

Ji= 0.021 nA/em

2
2 Electron Eel 7.92 keV, Jel 0.54 nA/cm 2

e2 51.9 kV, Je2 = 0.46 nA/em2  -19.2 kV
2 Ton E 5.69 keV, jil 0.0096 nA/cm 2

Ei2= 30.07 keV, Ji2 
= 0.014 nA/cm2

-33-



--HI~t it-e 011 ills fot i from t1'ilt )ifmrnin With~outt rit 11Yei 00ItiM~t tilt,)1

to the( il".id'riC '1volroll Hutx. lTe Poiliiilirill potential is (close to t iiil of tht-e (2cctri~

I)t:I lii'l 14 tilt et-orI(1ii\ eleetron cI~sil oe fficient peiiks ait 1i 1e'' Of i ti

hundred ,'( !rotrorwtolt, (t :md(1I ismill ;it hi~hor elergices.

vlwuwn to iill~th t,.N) veloeit.V iiitilii0iitS 01' tli W)K1iiA.11 )O:..15(1Q(e ii

S't Lol * .3.?. The two-clootronl andi ; i ngle-ion bea m ene--ries and (OCI'rQll ITI atelh the

filr mthtil third volfwit v mwomen ts (par tiel C anda enertgy flux) of cicht Co0m ponlent of thle

Th: ('ier Isirid l errelt: of the two-leo-tron jrild two-ionl bli ows (05)Were foundi(1

iisiri Ewi itioris (2-2-1) ;ildt C()?.)). to iiiiteh foul. V(lIoCit%* rliitfclts (if the distrilartionl

flinrwtion-. il-donl the :Ieolaid l(.\S temlperaltilres of tho( pla~isin :krtoi(t-.

I I ~ee~LrieashctNWet Ii Ite of401 lietqi'uI )il irilill potenlt ii ill the

tWO-'1:i\'lllll ~l~i'Iid itl I mni0energt'tio brmw lire ' oiTtIt'wl:it !,r-oitcr, thrirl tio'-I

foundit' iwt~ir'It : f III)' I ('(0Irn lsinmhijt lei. Th frn e ih-io'v be bytpt'il hihe-

Ill 1 1(111 tii thiS) eoi' 011(111' pririiitit'I whih( skew tltl: m-onifleie and ti

ltii ion wi 1w r'' Of, the1) elcvri di'-hiion fuIlelio The0 illi. Augr inorcl-rl resul.

it1 ' i, I-'fII 11 1 )5) t i Ii( Itli t% i i) lm o is appm-et'I h(Irii 't1 s t l" 111to-erw i l e te

5t''Ill., t-; Ili~llit lls oiv 1i qilti'rhitv ono S~e theii tirio, o h ichi would' heP00Iit-' IL

te 011(5' 1ldiirt on1 I :!r 0 th.'weerfil. tIhesifo lriiori ieh au~c is ufllerid

I t~' 'oi p' . I ~v err ev-: Iii ix is Wi II a, ohn~r e 6.1'rai 'tv v i 1)) ifive-'K t t d Ill m I ihorat or%

V v. i r''ooiuo! 3 ~r d ti-ml i l'oe ill t i silt iii it itli fi) hitv.
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It shoulId be imide clear that tie ehIragi Imo I( e (1('l used heeI is I very Simple OM' n111d

does not acount for tie coinplex eollet ry or surf'e details of a renil spaveerilt. More

complieited ehargiil r codes exist, however, whi(lh e-ould hIe IlSe'l to Ima~Ike m'oiure detailed

corn prisons of spv,.eeraft chartrirg Iy ruovioere tIc heils and Sjpliv p101) I. The

N ASC .\ P code ( 0 1 ) -or exainple, is probably the most ainbitious attenutpt to reimrsenit the

geonetrical and suiirfaice confibgira tion of reil satellites in tihe environmect of

geosynkdhronoiis orbit. Modifieations of NAS(AI would 1)e requiired to eo fletiilte the

charging of a three-dimensional objcet rinder irrudiati on by hewwiis of charred

particles, ( 1 2 ) but it is likely that NASC(AP would be 'I useful tool for eoiprrring the

conditions of laboratory simulation to those of space.



SITIION -1

SUM \l ARIY ANDI R IA OlM IMN)ATIIONS

VWk llavcevXiiiilledl Twiitii('iilit a techrilies to Chioose the ne!'lV v(1 eurerdt

(l''ity Vof Ill iloefler!i ct iv himt 115 to -iiiliiti tLe (fjStrit)Ut(d S-peVtra Of ~iiS il SinsOC.

ii thle riist ilipr'onih, thw ii tei(It il ourrent density sp ct;u m of thle plaismal vvas divided

in!1to n liii in 't'i Of efwii~ 'CVhainds. The hen ni erierg arnd ourr'ent Were 0,11lenIb ted for each

halnt to proid~ie al pieeewise reproducetion of' the distributed 5p0('tl-1flL This technique is~

prohi~v t114, lniost s- I iiitv1V S~ifV ir rW henl :1 11r1-fe tnu ruher( of hCZ11ms with di fferenit

('i ' ' :ial he used for Itile mmiiltion bei'aiso thle envelope of thle v'eloeitY (iistritbutioll

of I lie 1), ll- 1-:11 eal (osefy miii i It at of, thle pisia.

the see(,onii ;'ie p a)To:ieh WN~S to ehoo0se theV h0:1a iiereIteiad urerit

dIliti'-< to friitet h le vclo('ity rmments of' the pla)Sma) (tistib~il ioi fillietiori. lTe

v 'I* it V flii liieit :Irc ;Ivcr;iitr(- i'etid to pte~sieail h1int it ics such is pzirtiote d!ensitv.

flax f~r-~ir:111dt er!"y fill\, arid have been used (,\Ivfls ivCJ\ to chajraiferize thle

ri-sr' p'opirties otf paiillnspie We ha:ve Found exisirsf-r hli oi lif rcit-e

;iiW( idt'iiitik-s ili terii of thle plasma1I pvopertioes sich i-a thle river:1.e and tIMS

Ioiiiti. ii', ttisfx 'aInd :Ivorw.2'o \'oeitv. ('omiialtioris of onle, tw.o. arid thlt('e

%q-founld to iwiftil tvo( to six VIo(it~v inonlierils of Vanxweltianl iitribiitiori' .

I"( ;miiii :Ito (.arl he applied to otti('r' sp)('tri' sllapes. arid they w ere wwed to

;1W1 Ni:\whla di~tliibirtioiis. Unphysical OrV illtuitivelyV ilS~ti'tVilig IeSUlts

0' lii I iitho prohlim in I, wa vensflec iife by arihit rari l seleoi t i r twa i ee i

e-ileiilhtcil to rurateti a sot of velovity ironients of a (listribut ed

A i '* jiti ii fnd Il was ilset to cinrpan.fU ihe eti:ir 1 ilwK of na icec('i

I "k 11t t d stIihl11td po n:111d 1)\ i iiorroerlrotc ie wi ir. IThe plasilirs were

i'Iiiii ioI Un o fd mi tijlJ uithitts ufirriiW Iwoilaictio sufistoriri, with 1rnuutikliovolt

; i ii t ViWOiiii~ii ivo tiiio (J Ilic 1 riei' fir i'luoosintK rroergetie beam"ri to
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were within ai few kilovolts of olirinig by the (tlstr':biteol Specitruml~, hilt showed li1ore

dive'rgence than thle simuLations of simrple 'Na'Xwelliari plasinas'. The( s[il('(erI'at(lii'ii

model cannot be iVC'(l its the oinly c. Iterioni to evil lito th le fidelit v of s ililil:lt ioln 4f :

ovi.,en Pulsina enrivr 'miirert lle('aiis liys :iIl eonide:i tioris ot her I fah II th, iii'jrri i, r'ii

and eqillibriuin pot- ritil must allso be ec'iicer'cd inl this l'villiiatiori.

41.2 RI;(O7.7.11N D \TIONS

A, numilber o!' character'istics of sp51ce. llasrni; have not beenl iiicliidt'd inl this

analysis which mmb rn he important for certain sini utii Ohsit iritiOil. 'lie miost 'vi dent of

these iA the obser ved u nisotropy of the yeloecit y d i-tri 111t ions of par-ticetes ini spi?],-(e

Plasma~ drift,; are commnon au wela dto r'OHitiios Wch show strong correlation with

the dlirectioni of t ~ie mrirt i fi('id ini 5j~lecC. l~an a re ofte cr hirmi t err ze" ats

"ldrifting- Ma xwelhi;,ri", ''hi-.Maxwellianl" (temiperaIture parallel to) the ma1,gnetic field

different from perpnd icularL) or "I''l( one' (list r i 1)11 tiolis (very few par' t i ci's il :i c.one in

velocity'~ spqWe. Thse mnisotropi es marn lviemport anit for i nt enact: ois w i this ~ eaf

with large oriented ;urfaecs or cavities :tloyI~n with th le irned illsai flu.

We reeo m mi, rd that the present work he ext m e I to aaccount for a i sot rold IinIh

the velocity distributons in space. A nmb er of techiniq ue's exist to des'-crih bt

maithemantically the an isot ropi s. suich as (Ixpt'essi ri t li dibs ti'iit1.ion unt ionmi t eras of

spheri anI harmonies. Some of these techinkioNe call pi'l N~y hI' usd to pmvoy i Ic i vi

reihnt onsilips betwen plasma par'rneters aind the plaementM of elvekrori ar! m ion 'oiie'

in a simulaition facility.

Except for the calcuations of average cha-i'gr usinrg thle simiiple s im('c;l t

charging rrmdel we haive not consid(er'ed th linteracti ons bet weeni thle plasina particle>

arid] the surfaice of as spaccer'alt. In facet, thle heliuvior of* 11 (ieleet rue riat cii:ll ii'r'!d~Iatcll

by electrons rind ioN depends; to a I rg.e dueret ol t lii profile of chiai'ge i prt iel es

trapped in the upper atomic layer's of thle xIlIi'lfaev. This pro)file is nt huieot ion o f thle

material, particle species, enrgy (list,'ilidtiiri l and v (al' incidence onl thu sur'fite. An

isotrol~ic plasm a with n distri blird enerigy spetruni will protiiev ii ver'y di ffi r'enit

chargng profile fromn that of a monoeriergetie beani.
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hen Iii" hI) iri'tiodiioe Iii' ohlinii (lfects fromi plinisnis it) typie:1i 5p),Ite oif t nitrn.

fll In 101 A, Oo11 fiitei mde10 exist which, through Monte Car lo routines, follow thIn

ti'j d ~:esof "t \pi e:il' energetic particles in ma terialis. They accountf for- (:e l (ti ons

bV :tand il1WlI :r51 e collisions mid~ energy losses by the same pruee-, es 5%n

i'iidj:ltior. I")., keq1ilIiitill] prolilo of elnar'ge iaI Itn insulating"' inniteri~t o"Zil t( fonecU

fol IlIw i I< I-I)(. r rj et or i es ofaIf e w tnotirsand pmrt ides anld si m p1 nlon~ of cirgc

[i:Irt ole .110 litY inf thle mat erial. The codes can accept a varietyV of iniput eonci tion-,

iiilhiditw, di ~tiirntioiis of particlo velocities aind incident angles, and cani the run on ai

C'lmnhitiolls oi, thre iiitcriictioiis of chalrged particles Iwith snaec';ftmit eiials;

sl"Iul 0 h ouil'dii %vith o:xperirnnentAtion to test their validity afli: verifly results- nine

pi'edet i Ti. .We i'etomn end that11 a1 small-scale experlinenta;l progi 1 he umcertiken t.)

:lei~i~i tho of''~ 4o-. Sirle ,0 'tee(,raft materiall shonuld ho iijnIl t:11wout irildirlt.'

~'V iolr]>Idin than onec einergv, ions (vwc ferablv protons) ano Iligh t wit a tr;

00mW)Wo 'it 11 th'i 4'Artnnne ultraviolet. Ti'le experiments should he performcnd iri vk~l,

C' In : e ii Ii ill to :Ivmd stir mic':e eoirllinmnt ionl by oil or. of or' fliz!!en'aV, whichl

it l*I I wi C ii. t'rivir'iiiiIi('t.

S1 in : ' in ii atinnof li t\1 iii ii;isal'ei(tv 1)0011 i'opoit CI h" tilt'piCOUiI

dir., 'ii ifie inn 1111 ~ (e~ ilowvi.[', tihe iateri:a Is were nisni lv irrai intt U

iV a o~ 1' i(1tiiin honnin arid noi ,Itellytii~ WsImIie to Oi('rlIite sut'nee'~ phlneoinlewn

with Ihinetio;rl Thlss.'ie f'iet thai no ion bearins were included in thne tests may also

,trorl nnlodivk tin' Sirfie intei'nitions inl conmparison with thos e inl the planin
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The 1)(.,till h't",l )r'plhl ; t(I tilt Veo scties aro found by sub.-,I it1tiorn,

(A-4)
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APPEND)IX It

IIlIfI-II':M SOLUTION TO MATU'(II S':IN Vi;IA( ,I'Iy MB RMI.N'I'S

To find a three-benn solution to math six vei(eity morn, fits of a Itritit-d

spectrum, six nonlinear simultanevols equations 1IIIist b)e 1oV iv. (d' ervst, ',' o ,f

the form

3

I =1 j

where nk and v kare tile densities and velocities of the hen ins, and 'd r ipr .- ; the th

velocity moment of the distributed spectrum.

Although any physically reasonable distribution fuetion enn be utilize, e used

the six velocity ioments of a Maxwelliari distribitioi, Eqs. (2)-(7, to find ,hlition, of

Eq. (-1). The beaimn densities and velocities were normilized by chii ;ing v:t'ii! les.

nI , ?. "

n (li-2I

v

so that the moment equations for a Maxwelliin distribution become

a - 1) +

2 2 3a:.: r by 1, -t ,:, (I1-3)

ix +- by,'  F c'x --

4 /4 4 1P 2
LIX + - + c = - f T

) 324

ax -4 hy: 4 c -3 1T
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IF: Ml-3) owl I)' S OIv'd by "In it(erotive )roceedure that minimizes the expression

rprsenitd ')y the iihsolut, sum of E'qs. 13-3. Trial solutioiLs are substituted into a

vom:;I ter t' ,ratm whiolh then converges on the best solution throu-;h an iterative
0r ,,, .l- I)

Th, ,nv ololtiotls of I. . (I1-3) found by the iterative routine we:e per'mut:ations

of the fol!owin.r:

(::,:.',::)~ .(I ~i It1 M 5, O. "1", '11

([-4)

i'1 v'let.l"rics (," lio he ims were found from

(1-5)

and :iim il ' )xpI'eL's iOtiS for F", ' id 1 3..

1,-I. 1.; . l 'V~i'ri, . aI)'tt I? eu ition an1d 1:rior AU.nlvsis for the Pihsient Seience-

('.;o. ,.' w-- ill ak (o ', ii( q imny, New York, 11969), ('h. 11.
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FFFEC~lvI AREA OF" SPHIEIC(AL (hMIC'U'M?

Ive shall fVZ11"li e that a Sphere of rwdius R~ is in it unn %rm, pnraillol t'en I of

non-interacting charged particles of ma ;s, in, anad (signed) ehari e, q. If t~i sph ro iH

unchargZed, the current to the sphere is given by,

i(0) = ir Rj(-)

where j 0is the current density of the undisturbed N-iim.

When thc. object charges, the particlo. trajectories of the beam are deflected by

the static electric field around the sphere. The effeotive area of the sphere i. then the

circular area w.hose radius is the "impact pairameter" of the beam partices- that just

graze the surfarfe of the sphere.

Flementpry texts of olas~iclea niechanics show tha t the impact pfim meter. b, is

related to the distance of c losest approach, a, accordingr to the relation,

The initial kinetic energy,, of the particles is 1 /21nv2 and (m) is the elo -trostativ
0

potential at the distance of close,;t approach to the sphere. Setting th- kin' tic energy'

equal to Iq\~0 l, a R, the effecti. e area of the sphere is, then,

A ,b 2 = (no liv

When the- potential of the sphere is groater than the initial aceleral ilw voltage of

like-,igned particles, the particles do not reach the surfaev.

A -
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